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Short title runninghead: CELL DENSITY EFFECT ON GAG ACCUMULATION 
Abstract 
Aggrecan concentration falls markedly during cartilage and disc degeneration with unfortunate 
biomechanical and physiological consequences. There is thus now an increasing interest in 
developing biological methods for its replacement. One approach is to stimulate aggrecan and 
hence glycosaminoglycan (GAG) production by resident cells through growth factor or genetic 
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engineering.  Another approach is to implant autologous cells into the cartilage or disc to enhance 
GAG production. In both instances GAG accumulation depends both on the number of active cells 
in the cartilage or disc and the rate of aggrecan synthesis per cell. Here we examine how cell 
density influences the rate of glycosaminoglycan accumulation in a three-dimensional cell culture 
system. In the results, at cell densities found in vivo (standard condition) in the articular cartilage 
and the disc nucleus viz. 4 million cells/ml and at 21% oxygen the concentration of GAG in the 
bead reached 520.9 ± 62.4 μg/ml and 649.0 ± 40.1 μg/ml, respectively, in 5 days. These 
concentrations could be increased to 2-4 fold by raising cell density to 25 million cells/ml. However, 
rates of GAG production per cell decreased by 50-60%. These results showed that rate of 
accumulation of glycosaminoglycan in this culture systems in vitro is slow and is limited both by 
the rate of production of GAG per cell and by the cell density which can be maintained in a viable 
state. Although GAG production can be increased somewhat by use of higher cell densities, the 
consequent fall in concentration of oxygen and other nutrients in the centre of three-dimensional 
constructs slows metabolism and leads to apoptosis and cell death, which again limits the rate that 
the cells can produce matrix. 
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Introduction 
Proteoglycans, particularly the large aggregating proteoglycan aggrecan, play a major mechanical 
role in load-bearing cartilages. Aggrecan, on account of the high osmotic pressure resulting from its 
sulfated glycosaminoglycans, tends to imbibe water, inflate the collagen network and maintain 
tissue turgor. The stiffness of cartilaginous tissues is thus strongly dependent on aggrecan content. 
A fall in proteoglycan concentration is one of the first changes in osteoarthritis and disc 
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degeneration [1,2] with consequent deleterious effects on the mechanical behaviour of these tissues. 
There is now an increasing interest in developing biological methods of cartilage repair for these 
disorders [3] with attainment of the correct biomechanical properties critical for success. One of the 
targets of successful repair is thus that glycosaminoglycan concentration (GAG) of the tissue-
engineered construct should approach that of the native cartilage. GAG production however 
invariably takes months to approach concentrations equivalent to those found in cartilage.   
Consequently, numerous studies have attempted to increase the rate of GAG accumulation and cell 
proliferation in cartilaginous constructs by adding growth factors, altering environmental factors 
such as mechanical stress or oxygen levels and examining responses to various construct materials 
or designs [4-9] 
GAG accumulation in constructs is dependent on the rate of GAG production per cell and on the 
cell density.  It seems intuitive therefore that increasing cell density should increase rate of GAG 
deposition, as indeed has been shown in several studies [10-14].  However it is apparent from these 
studies that GAG accumulation in the construct does not increase in proportion to cell density and 
indeed GAG production per cell appears to fall at high cell densities.  We suggest that in three 
dimensional constructs,  nutritional demands restrict activity at high cell densities.  Here we have 
investigated this aspect using two different cartilaginous cell types of interest in biological 
reconstruction i.e. cells from nucleus pulposus and from articular cartilage. We used alginate gels in 
the form of beads as a model system so that cells could be recovered readily. We mainly examined 
two initial seeding cell densities viz. 4-5 million cells/ml and 25 million cells/ml; the lower density 
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represents cell densities often used in alginate beads and found in vivo in the intervertebral disc 
nucleus and the higher cell density is that found in young adult cartilage from the bovine 
metacarpal-phalangeal joint. We examined both cell types at each cell density to investigate 
whether cell type influenced responses.  
 
Materials and methods  
Materials 
All chemicals, apart from those detailed below, were obtained from BDH Laboratory Supplies, 
Poole Dorset. Dulbecco's modified Eagle's medium (DMEM) (cat.no 22320-022 with 25 mM Hepes, 
1mM sodium pyruvate, 1000 mg/L glucose), foetal bovine serum (FBS) and 
antibiotics/antimycotics were obtained from Life Technologies Ltd., Paisley, Scotland. 
Collagenase-1, chondroitin-sulphate type A, twice-recrystrallised papain and  the 20μm cell strainer  
were from Sigma-Aldrich, Poole, Dorset. The radiochemical used (35S-sulphate) was from 
Amersham Biosciences, Little Chalfont, Bucks, UK. Sodium alginate was from Fluka Biochemika, 
Gillingham, Kent, UK. Dimethylmethylene blue was from Serva Feinbiochemica, Heidelberg, 
Germany. Scintillant (Ecoscint) was from National Diagnostics, Hull, UK. The Live/Dead Assay kit 
was from Molecular Probes, Cambridge Biosciences, Cambridge, UK. Dialysis sacs (12-14,000 
Daltons molecular weight cut off) were from Medicell International Ltd, London, UK. 
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Cell isolation 
Bovine caudal discs and metacarpal phalangeal joints from 18-24 month old steers were obtained 
from a local abattoir within 2-3h of slaughter and dissected aseptically. Discs from 58 tails and 
cartilage from 16 feet were used for the experiments described here. The nucleus pulposus was 
removed from the upper five intervertebral discs of each tail and the pooled tissue digested 
enzymatically for 18-20 hours at 37°C  in an incubator under 95% air and 5% CO2. The digestion 
medium consisted of DMEM containing 1mg/ml collagenase-1, antibiotics/ antimycotics (500 units 
ml-1 penicillin G, 500μg ml-1 streptomycin sulphate and 25μg ml-1 amphotericin B) made to 400 
mOsm with NaCl. The articular cartilage was removed from the joints using a scalpel, pooled and 
digested similarly. After incubation, the digested tissue suspensions were filtered initially through a 
coarse filter to remove undigested tissue and then through a 20μm-pore cell-strainer. The cells in 
the filtrate were then washed three times by repeated centrifugation (1000 X g for 5mins) and 
resuspension in DMEM. The cell suspension was assessed manually using a haemocytomer and 
trypan blue exclusion for cell viability and cell number. Only cell preparations with cell viabilities 
>95% were then used. 
 
Cell culture 
The cells were encapsulated in alginate beads. Briefly, the washed nucleus cells or articular 
chondrocytes were resuspended uniformly into 1.2% low viscosity alginate at controlled cell 
densities by gentle pipetting.  Microspheres were then formed by expressing the cell suspension 
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through a 21-G needle attached to a 5ml syringe into a 102mM CaCl2 solution. The microspheres  
were then washed twice with 25ml of 0.9% NaCl solution and washed twice again with 25ml of 
DMEM. The beads were carefully placed into 48 well culture plates (5 beads per well); in each 
separate experiment, under each condition tested and at each time point, 3 wells were used for 
biochemical analysis, 3 for measurement of sulphate incorporation rate and one well for histological 
examination of the beads. 
The multi-well plates were then incubated at 37°C in 1.0 ml of 400 mOsm-DMEM containing 
6% foetal bovine serum, 0.5% antibiotic/antimycotic and 0.5% gentamycin under 5% CO2/95% air. 
The medium was changed every day and the lactate concentration in the medium measured. At each 
time point, the beads from 3 wells per experimental condition were labelled with 35S-sulphate.  
Beads from another 3 wells were removed from the medium and weighed and dispersed in 3 
volumes of citrate buffer containing 5mM cysteine hydrochloride and 0.56 unit/ml papain. Cell 
density and viability were determined microscopically on 20 μl samples of the resulting solution 
using a haemocytomer and trypan blue exclusion. The number of live cells/bead was used for 
calculation of lactate production, GAG concentration and sulfate incorporation rate per million cells.   
The remaining solution was heated to 67oC overnight in a sealed tube to digest the proteoglycans. 
Aliquots of the solution were used for measurement of total glycosaminoglycan (GAG) 
accumulation and sulphate incorporation rate. The cell viability profile was examined across 
representative beads from the remaining well; remaining beads from this well were fixed, sectioned 
and examined histologically. 
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Glycosaminoglycan content 
Glycosaminoglycan (GAG) accumulation was measured using a modified dimethylmethylene blue 
(DMB) assay [15]. The absorbance of aliquots of the bead digest added to the DMB buffer was read 
at 595 nm using UV/VIS spectrophotometer (Lambda 5, Perkin-Elmer). GAG concentrations were 
estimated from a standard curve of chondroitin sulphate made up in 0.1% alginate in citrate buffer. 
 
Sulphate incorporation rates 
At each time point, beads were resuspended in 0.5 ml DMEM, supplemented with 5μCi ml-1 of 
35SO42- and incubated for a further 4h at 37oC and 5% CO2. Radiolabeling was stopped by washing 
the beads twice in ice-cold PBS supplemented with 2mM CaCl2, 5mM Na2SO4 at 4oC and then 
freezing at -20oC. Labelled alginate beads were defrosted and digested in 0.5ml of PBS and 0.5ml 
of citrate buffer. The solution was then exhaustively dialysed to separate the bound and free 35SO42-. 
The dialysate and tubing were then placed into a scintillation vial and 4ml of scintillant (Ecoscint, 
National Diagnostics, Hull, UK) was added.  The activity of the dialysate and 20 μl samples of the 
incubation medium were measured on a beta scintillation counter.   
Rates of sulphated GAG synthesis were calculated as described previously assuming that the 
specific activity of the 35SO42-sulphate was the same in the medium and in the incorporated GAGs. 
 
Lactate production rate 
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Lactic acid production was used as a marker for cell metabolism as glycolysis is the major ATP-
generating pathway for both intervertebral disc cells [16,17]. Lactic acid production was measured 
using a commercial kit (Sigma-product no. 735-10) using lactate dissolved in DMEM as a standard. 
 
Cell viability profiles 
The cell viability profile across intact beads was determined by manual counting using a Live/Dead 
assay kit containing two fluorescent probes, Ethidium homodimer-1 and Calcein A. Ethidium 
homodimer-1 cannot penetrate live cells but stains the DNA of dead cells red.  Calcein-AM 
penetrates live cells where an esterase cleaves the molecule which then fluoresces green - dead cells 
contain no esterase. In order to visualise cells, the beads were cut in half using a blade and soaked 
in the Live/Dead solution for 1 hour. Their diameter was estimated microscopically and from their 
weight. They were then examined under a Bio-Rad MRC 1024 confocal microscope equipped with 
a 15-milliwatt Krypton argon laser. The number of live (green) and dead (red) cells were counted 
manually in the peripheral and central portions in the bead. At least 4 fields each containing at least 
15 cells was counted in each area. The proportion of live and dead cells was then calculated from 
pooled results. 
 
Measurement of GAG profiles.  
Beads were fixed in 4% paraformaldehyde with 2mM CaCl2, 5mM Na2SO4 at 4oC for 4 hours and 
stored in the 50 mM BaCl2 solution (0.1M cacodylate buffer, pH 7.4). Before cutting, the beads 
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were snap-frozen in hexane/dry-ice and 20-μm sections were cut using a cryostat and placed on 
gelatine-coated slides.  Citrate buffer was then added to the sections to remove the alginate gel and 
the sections washed with PBS.  The sections were then stained with 1% alcian blue in 3% acetic 
acid for 30 minute, again washed in PBS and then counter-stained in hemetoxylin and eosin. After 
dehydration, the sections were mounted in DPX mountant without counterstaining, and examined 
under a standard light microscope 400X objective. Images were captured digitally and the GAG 
around cells was quantified using image-analysis (Scion image, Scion Co., Maryland). The fraction 
of stained area was compared in the peripheral and central regions of the beads. 
 
Transmission Electron Microscopicy 
Beads were fixed by immersion in 2.5% glutaraldehyde (0.15M cacodylate buffer, pH 7.2) with 
2mM CaCl2, 5mM Na2SO4 at 4oC for 4 hours. After fixation, the samples were washed for 3 days in 
sucrose and then sliced at approximately 50μm thickness using a cryostat. The specimens were then 
rinsed in 0.05M Tris-HCl buffer, postfixed at room temperature for 3 hours in 2% OsO4 in 0.1M 
sodium cacodylate buffer, impregnated with 2% uranyl acetate, dehydrated in graded ethanols and 
embedded in Epoxy resin. For electron microscopy, ultrathin sections contrasted with uranyl acetate 
and lead citrate were examined under JSM2000FX electron microscope.  
 
Statistical analysis 
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Unless otherwise stated, data are presented as the mean ± the standard error of the mean (SEM) 
of at least three separate experiments (n ≥ 3). Each experiment was carried out in triplicate. 
Significant differences of prior comparison was determined using a 2 way ANOVA with repeated 
measures. When interaction was positive, we used student t test or paired t test. Date were entered 
into a database and analysed by using SPSS statistical soft-ware, version 14.0.J (SPSS Inc, Chicago, 
IL). A probability of 5% was considered statistically significant. 
 
Results 
Comparison between nucleus pulposus cells and articular chondrocytes 
Nucleus pulposus cells accumulated noticeably more GAG than articular chondrocytes under all 
conditions (Figs 1,2).  The difference increased with time in culture and also with increase in cell 
density though it appeared to diminish at very high cell densities.  
 
Effect of cell density on increase in glycosaminoglycan concentration and accumulation per 
cell with time in culture 
The amount of GAG accumulated in a typical culture of articular chondrocytes and nucleus 
pulposus cells increased with time in culture.  After 7 days a bimodal response was evident with the 
concentration of GAG accumulated rising as cell density was increased from 1-10.4 million cells/ml 
and then falling gradually as cell density was further increased (Fig.1A). However the GAG 
production per million cells fell as cell density was increased (Fig.1B).    
 12
Significantly more GAG was accumulated by cells cultured at high (25 million cells/ml) than low 
(4 million cells/ml) densities (P<0.05) and in agreement with results shown in Fig.1, GAG 
accumulated also increased with time in culture (Fig.2). At 4 million cells/ml, the concentration of 
GAG in the bead reached 520.9 ± 62.4μg/ml and 649.0 ± 40.1 μg/ml, respectively, in 5 days. These 
concentrations could be increased to 1297.2 ± 115.2 μg/ml and 2641.5 ± 562.0 μg/ml by raising cell 
density to 25 million cells/ml (Fig.2A,C). The increase in amount of GAG accumulated was not 
directly  proportional to increase in cell density; although the beads at high cell density contained  
more than 6 times as many cells as those at low cell density, they only produced only 2-3 times as 
much total GAG (Fig 2B,D).  After 5 days culture at 4 million cells/ml, GAG accumulation per cell 
was 166.3 ± 38.9μg GAG/million cartilage cells and 240.9 ± 13.1 μg GAG/million nucleus cells.   
These amounts fell to 70.9 ± 23.9 μg/million cartilage cells and 86.3 ± 12.7 μg/million nucleus cells 
when cell density was increased to 25 million cells/ml. Thus, cells cultured at low density were 
more active and accumulated significantly more GAG per cell than cells cultured at high density 
(P<0.05).  Evidence of greater cellular activity for cells cultured at low cell density was also seen 
from measurements of lactate production per live cell; lactate production was significantly higher 
for nucleus cells cultured at low density than for those cultured at high density (Fig 3A). Lactate 
production also decreased with time in culture (P<0.05), more rapidly at high than at low cell 
densities.  The rate of sulphate incorporation per live cell was also greater at low than at high cell 
densities (Fig.3B), though the difference was less marked than that seen in Fig.3A; sulphate 
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incorporation fell more steeply than lactate production with time in culture (P<0.05). Similar results 
were seen for articular chondrocytes (Fig 3). 
 
Comparison between GAG accumulated in the bead centre and bead periphery.  
From sections of beads cultured for 7 days at 25 million cells/ml and then stained with Alcian 
blue to visualise the sulphated GAGs accumulated (Fig.4A-C), there was a noticeable difference 
between staining at the bead periphery (Fig.4B) and the bead centre (Fig.4C).  From densitometric 
measurements, GAG accumulated at centre of beads cultured at 25 million cells per ml was only 
60-70% of that accumulated at the periphery (P<0.05) (Fig.4D). Less staining was seen in beads 
cultured at 4 million cells per ml as seen also from chemical analysis (Fig.2). At this low density 
however there was no significant profile of GAG accumulation across the bead, with the amount 
accumulated in the centre similar to that accumulated at the periphery.  Similar results were seen for 
beads containing articular chondrocytes.  
 
Cell viability across the beads. 
The change in percentage of live and dead cells with time in culture at the periphery and centre of 
beads is shown in Fig.5A for cells cultured at low (4 million cells/ml) and high cell densities (25 
million cells/ml), respectively. It can be seen that by day 2 of culture at high cell densities, while 
almost all the cells at the periphery were alive, c.30 percent of the cells in the bead centre were dead. 
Similar percentages were dead at day 5 of culture, suggesting the profile of viable cells across the 
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bead was established early in culture (Fig.5B,C). For cells cultured at 4 million cells/ml, c.100% of 
the cells were viable at the both the periphery (Fig 5D) and in the centre (Fig 5E). Similar results at 
both high and low densities were seen for cartilage cells (Fig.5F-H). 
At low cell density, transmission electron micrographs indicated that all cells, independent of 
location in the bead, appeared viable and active, with large nuclei, dotted with chromatin and 
abundant rough endoplasmic reticulum (Fig.6A,E). Nucleus cells cultured at high cell density, 
appeared viable at the bead periphery (Fig.6B). However cells undergoing apoptosis were seen in 
the centre (Fig.6C); the cells and nuclei were reduced in size and chromatin condensation was 
visible in the nuclei. Cells with condensed and fragmented nuclei and condensed chromatin 
(apoptotic bodies) and with cytoplasmic organelles destroyed were visible (Fig.6D). Similar results 
were seen for articular chondrocytes (Fig.6E,F). 
 
Discussion 
The results show that the when chondrocytes or nucleus cells were cultured in three-dimensional 
constructs such as alginate beads, the amount of glycosaminoglycan accumulated increased with 
time in culture and also with increase in cell density as expected (Figs. 1A,2A,2C). However the 
rise in cell density did not lead to a proportional rise in the amount of GAG accumulated; rather the 
amount of GAG produced per live cell fell with cell density (Fig.1B) and was significantly lower in 
beads cultured at a density of 25 million cells per ml than in those cultured at 4 million cells per ml 
for both cartilage and disc cells (Figs.2B,2D). This difference arose at least in part from a fall in 
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metabolic activity of the cells rather than because of increased loss of GAG; the rate of energy 
production and of sulphated GAG production/viable cell (Fig.3B) was lower in cells cultured at 
high cell densities. 
The results also showed that at high cell densities, less GAG was produced in the centre of the 
bead than at the bead periphery (Fig.4), possibly because within 48 hours of culture, a significant 
proportion of the cells in the centre of the bead showed apoptotic changes (Figs.6C,D,F) or were 
dead.  At the bead periphery on the other hand, all cells appeared viable (Fig.6B). At low cell 
density, no such profiles in GAG production or cell viability were observed; all cells appeared 
viable (Figs.6A,6E). These results are in agreement with those of others who have found regions of 
cell death in the centre of constructs or even of microsphere aggregates [18-20] and that GAG 
accumulation was highest at the construct peripheries.  In addition, others have also found that 
increasing cell density or cell number does not necessarily increase matrix accumulation [19]. 
These avascular constructs, unless experimentally perfused, rely on diffusion for supply of 
nutrients to the cells [21,22] simulating the condition seen in articular cartilage and intervertebral 
disc. In avascular tissues and in constructs, there are steep gradients of oxygen and other nutrients 
between the surface and centre of the tissue or constructs [23,24]. The steepness of these gradients, 
and hence the nutrient concentrations in the centre of the construct, depend not only on the 
geometry and properties of the tissue or construct but also on the cell density and the cellular 
activity [25-27].  Thus in any particular construct or tissue an increase in cell density will lead to a 
corresponding fall in the concentration of nutrients such as oxygen and glucose and an increase of 
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metabolic by-products such as lactic acid [26] leading, once cell density has risen sufficiently, to a 
fall in rates of cell metabolism and GAG synthesis [28,29].  If cell density is sufficiently great, 
oxygen and glucose concentrations and pH levels can fall to levels which can no longer sustain 
viable cells [30], leading to the necrotic region in the construct centre. Diffusional nutrient transport 
is thus a limitation on the number of viable and active cells which can be maintained in any 
construct or tissue; indeed viable cell density is inversely related to diffusion distance both in 
cartilage and in constructs [30,31]. 
The inter-relationships between cell density, cell viability and activity, and diffusion distance 
resulting from nutrient supply constraints, limit the rate at which GAG can be accumulated in three-
dimensional constructs. GAG accumulation depends on GAG production per cell and on cell 
density.  At low cell densities, cells may be functioning optimally but the low cell density limits the 
rate of GAG accumulation.  At high cell densities, more GAG is deposited at least initially, but 
nutrient gradients particularly in the centre of constructs, reduce the rate of GAG deposition per cell 
and may even lead to a fall in cell number if cells die.  
GAG accumulation thus appears necessarily slow and the general finding that cultures of >7 
months [22] are required to achieve concentrations of GAG similar to those seen in vivo may not be 
easily overcome [32]. The different manoeuvres which have been tried to increase GAG production 
all have limitations. An increase in GAG production rate per cell can be induced by addition of 
growth factors, by providing mechanical or ultrasound stimulation or through alterations to scaffold 
properties [33-36] but the relative increase which can be achieved is limited (usually 2-3 fold under 
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optimal conditions) and the consequent increase in metabolic demand can lead to a fall in pH in the 
construct centre [37] and thus severely limit growth factor efficacy. Indeed addition of IGF-1 to 
constructs was found to have little effect on the concentration of accumulated GAG although it 
increased construct size [22]. In addition, as seen here (Fig.2), GAG production rates appear to fall 
with time in culture in many different systems also limiting GAG accumulation [38]. Increasing cell 
density potentially should increase GAG deposition as we found here for the initial period of matrix 
synthesis (Figs.1-3), but leads to a lower activity per cell and also in general, has not been found to 
increase GAG deposition rates [39]. It should also be noted that tissue in vivo cannot support too 
high a cell density, so in vitro culture of constructs at high cell density could lead to cell death after 
implantation. Culture conditions such as stirring or perfusion [40,41] appear able to overcome 
diffusive transport initially, but as GAG concentrations rise and the hydraulic permeability of the 
construct falls, convective transport also is reduced and rates of GAG deposition slow.  GAG 
concentrations were reported to reach 5% by wet weight within 2 months but took a further 5 
months to increase to 7% GAG.  
In view of the long culture times which appear necessary to achieve the required GAG 
composition in vitro, achievement of an vivo concentration before implantation of a construct may 
be an unrealistic and possibly unnecessary goal for tissue engineered cartilage. Cellular repair using 
autologous chondrocyte transplantation appears successful even though chondrocytes are implanted 
with no matrix at all. Under these conditions, remodelling in vivo appears to produce a cartilage-
type matrix under some conditions. Tissue engineered composites implanted with low GAG 
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appeared to accumulate GAG in vivo, withstand physiological loading and remodel towards a 
hyaline-type matrix. Perhaps optimisation of such processes is a more useful goal. 
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LEGENDS 
Fig.1: Typical results showing effect of cell density on GAG deposition (A) and on GAG  
accumulation per million cells (B) by articular chondrocytes and nucleus pulposus cells.   
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Cells were isolated, encapsulated in alginate beads at cell densities ranging from 1 to 33 million 
cells/ml.  Beads were cultured for 7 days at 5 wells/bead in 2 ml medium, 2 wells for each cell 
density and cultured for 7 days in DMEM containing 6% serum.  Beads were then dissociated for 
cell counting and assay of total GAGs.   Fig.2: Effect of cell density on GAG concentration (A,C) 
and GAG accumulation per million cells (B,D) by nucleus pulposus cells (A,B) and articular 
chondrocytes (C,D) after 2 days and 5 days in culture.    
Cells were encapsulated in alginate beads, cultured in DMEM with 6% serum under air and GAG 
concentration and cell density measured after 2 and 5 days culture.  These figures give pooled data 
for the two representative cell densities from 3 separate experiments. Values are mean ± standard 
error. *, : Significant difference (P<0.05) between the high cell density (25 million cells/ml) and the 
low cell density (4 million cells/ml) using non-paired t test. 
Fig.3: Effect of cell density on lactate production rate (A) and 35S-sulfate incorporation rate (B).  
(A) Cells were cultured under standard conditions in beads containing 4 and 25 million cells/ ml 
(1.0ml medium, 5 beads/well) for up to 7 days, with complete medium change daily. Representative 
beads were dissociated for cell counting and viable cell density/bead recorded.  Lactate in the 
medium was measured at days 1,5 and 7, after 24 hours culture and rates per million cells/24 hrs 
reported. High cell density lead to a fall in cellular metabolism (*,**,***,+,++,+++: P<0.05, Paired 
t test between high [25 million cells/ml] and low cell density [4 million cells/ml]). Lactate 
production rate fall with time in culture (#: P<0.05, 2 way ANOVA with repeated measures among 
1, 5 and 7 days). 
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(B) At days 1,5 and 7, tracer sulphate was added to the fresh medium of 3 wells, the beads were 
cultured in the radioactive solution for 4 hours, the beads dissociated and cell density and sulphate 
incorporation measured (Fig 3B). Results are given as  means ± s.e.m of 3 independent experiments. 
Sulfate incorporation rates fall with increase in cell density (*,**,***,+,++,+++: P<0.05, Paired t 
test between high [25 million cells/ml] and low cell density [4 million cells/ml]) and with time in 
culture (#: P<0.05, 2 way ANOVA with repeated measures among 1, 5 and 7 days). 
 
 
 
 
Fig.4: Effect of cell density on GAG deposition by Alcian Blue staining after 5 days culture. 
Fig 4A shows a 20micron section through a typical bead of nucleus cells cultured at 25 million 
cells/ml cultured for 5 days. Images at the periphery (Fig 4B) and at the centre (Fig 4C) were 
captured digitally and the GAG around cells was quantified using image-analysis. Results are 
reported as the fraction of stained area in the peripheral and central regions of the beads and data 
normalized to results at 25 million cells/ml (Fig 4D). At high cell density, the area of the staining 
was higher at the edge of the bead (*,+: P<0.05, Paired t test between edge and centre). At low cell 
density, however, there was no significant profile of GAG accumulation between edge and centre 
(**: P=0.712, ++: P=0.835, Paired t test between edge and centre). 
Fig.5: Effect of cell density on cell viability under conforcal microscope. 
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(A-E) Nucleus pulposus cells. Fig 5A shows the variation of cell viability at the edge and centre of 
beads with time and cell density. Cell viability was determined using a live/dead assay kit; live cells 
(green) and dead cells (red) were counted manually. Results are means and s.e.ms of percentage of 
viable cell from  4 representative beads. At high cell density (25 million cells/ml), cell viability is 
lower in the centre than at the edge (+: P=0.961, ++: P=0.932, *, **: P<0.05, 2 way ANOVA with 
repeated measures between edge and centre). Figs 5B, 5C shows the periphery and central region 
respectively of a typical bead cultured at 4 million cells/ml after 5 days.  Figs 5D, 5E shows the 
periphery and central region of a bead cultured at 25 million cells/ml after 5 days.    
(F-H) Articular chondrocytes. Fig 5F shows the variation of cell viability with region (edge versus 
centre). At high cell density (25 million cells/ml), cell viability is lower in the centre than at the 
edge (+: P=0.977, ++: P=0.893, *, **: P<0.05, 2 way ANOVA with repeated measures between 
edge and centre). Figs 5G, 5H shows the periphery and central region respectively of a typical bead 
cultured at 25 million cells/ml after 5 days.   Fig.6: Electron micrographs of central and peripheral 
nucleus pulposus cells (A-D) and articular chondrocytes (E,F) cultured at low and high cell density.   
The figures show representative cells from the central and peripheral regions of beads cultured at 
low (4million cells/ml) and high (25 million cells/ml) for 5 days. (A-D) nucleus pulposus cells,  (E-
F) articular chondrocoytes.   (A) Central region, low cell density, cells appear normal. (B-D) High 
cell density. (B) bead periphery, some cells appear normal. (25 million cells/ml), (C) central region 
showing cells undergoing apoptosis (arrows). The cells and nuclei were reduced in size and 
chromatin condensation was seen in the nuclei in comparison of the cells in the periphery.  (D) 
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High power magnification of apototic nucleus pulposus cell. This picture shows apoptosis 
characterized by condensation and fragmentation of the nuclei (apototic body), chromatin 
condensation. (E) At low density, articular chondrocytes appear viable in the centre of the bead. (F) 
Central region showing high cell density chondrocytes undergoing apoptosis in the centre (arrows). 
The cells and nuclei were reduced in size and chromatin condensation was seen in the nuclei.  
